The adhesin involved in diffuse adherence (AIDA-I) is an autotransporter found in pathogenic strains of Escherichia coli causing diarrhea in humans and pigs. The AIDA-I protein is glycosylated by a specific enzyme, the AIDA-associated heptosyltransferase (Aah). The aah gene is immediately upstream of the aidA gene, suggesting that they form an operon. However, the mechanisms of regulation of the aah and aidA genes are unknown. Using a clinical E. coli isolate expressing AIDA-I, we identified two putative promoters 149 and 128 nucleotides upstream of aah. Using qRT-PCR, we observed that aah and aidA are transcribed in a growth-dependent fashion, mainly at the start of the stationary phase. Western blotting confirmed that protein expression follows the same pattern. Using a fusion to a reporter gene, we observed that the regulation of the isolated aah promoter matched this transcription and expression pattern. Lastly, we found glucose to be a repressor and nutrient starvation to be an inducer. Taken together, our results suggest that, in the strain and the conditions we studied, aah-aidA is transcribed as a bicistronic message from a promoter upstream of aah, with maximal expression under conditions of nutrient limitation such as high cell density.
Introduction
The Adhesin Involved in Diffuse Adherence (AIDA-I) is an outer membrane protein of pathogenic strains of Escherichia coli, which was first identified from a pathogenic strain isolated in a case of infantile diarrhea (Benz & Schmidt, 1989) . Since then, the aidA gene coding for AIDA-I has mostly been found to be associated with strains of E. coli causing diarrhea in pigs (Niewerth et al., 2001; Mainil et al., 2002; Ha et al., 2003; Ngeleka et al., 2003; Zhang et al., 2007; Zhao et al., 2009) . Experimental infections have confirmed that it can be an important virulence factor (Ravi et al., 2007) . Bacteria expressing AIDA-I are able to adhere to cultured animal epithelial cells and invade them (Benz & Schmidt, 1992; Charbonneau et al., 2006) . The AIDA-I protein also causes bacterial auto-aggregation and the formation of biofilms (Sherlock et al., 2004; Girard et al., 2010) . AIDA-I belongs to the group of monomeric autotransporters: secreted or outer membrane proteins transported by the type V secretion system and present in all Gram-negative bacteria (Henderson & Nataro, 2001; Desvaux et al., 2004) .
AIDA-I is unusual among autotransporters because it can be glycosylated by an enzyme encoded immediately upstream of aidA and named AIDA-I associated heptosyltransferase (Aah) (Benz & Schmidt, 2001) . Aah grafts multiple heptose residues on AIDA-I in the cytoplasm by O-glycosylation, and the modification is important for the protein conformation and function (Charbonneau et al., 2007; Charbonneau & Mourez, 2008) .
AIDA-I is also characterized by the presence of an imperfectly repeated 19-amino acids sequence in its Nterminus. This sequence is shared by at least two other E. coli autotransporters: the TibA adhesin/invasin (Elsinghorst & Weitz, 1994) and the Ag43 auto-aggregation factor (Owen et al., 1987) . Both TibA and Ag43 can mediate bacterial auto-aggregation and can be glycosylated by Aah or the TibA-specific glycosyltransferase (Moormann et al., 2002; Sherlock et al., 2005 Sherlock et al., , 2006 . Because of these similarities, the three proteins have been grouped in the family of SelfAssociating AutoTransporters (Klemm et al., 2006) .
The gene coding for Ag43, flu, is known to undergo phase variation and is regulated in response to oxidative stress by OxyR-and Dam-dependent mechanisms (van der Woude & Henderson, 2008) . Nothing is known, however, on the regulation of tibA and aidA or their associated glycosyltransferase genes. Identifying the promoter and the regulation factors controlling the expression of these genes might help understand the role played by these proteins in pathogenic E. coli.
In this study, we identified promoters upstream of the aah-aidA operon in a wild-type pathogenic strain of E. coli. The transcription of aah and aidA and the expression of glycosylated AIDA-I were maximal at the early-stationary phase. The isolated promoter region upstream of aah reproduced the regulation pattern of aah and aidA. We therefore hypothesize that the main regulator of the aahaidA operon is one aah promoter with sequences that are characteristic of regulation by RpoS, the alternate s subunit of RNA polymerase involved in stress and starvation responses. Such a regulation is consistent with a role for AIDA-I in the organization of bacterial community through auto-aggregation.
Materials and methods

Bacterial strains and plasmids
We used the pathogenic Escherichia coli strain 2787 (Benz & Schmidt, 1989) , and the E. coli K12 strains HB101, DH5a and TG1a (obtained from Cedarlane Laboratories). To test the effect of a cya mutation, we used the K12 strains C600 and TP610, of genotype C600 cya610 (Hedegaard & Danchin, 1985) . To test the effect of a relA mutation, we used the K12 strains BW25113 and the corresponding relA mutant obtained from the Keio collection (Baba et al., 2006) . Only 2787 possess the aah and aidA genes. The plasmids used in this study were pIB264 (Benz & Schmidt, 1989) , pMC1871 (Shapira et al., 1983) and pFB01. The pIB264 plasmid harbors a fragment of 2787 DNA encompassing the native aah-aidA region of 2787. The sequence of the insert was obtained using primers extending upstream of aah and aidA. The plasmids pMC1871, and its derivative pFB01, are reporter vectors for measuring gene expression based on the b-galactosidase gene, lacZ. pFB01 was constructed by PCR amplification from pIB264 of a 426 bp fragment of upstream region of aah using the primers promo-F (5 0 -TATATCCCGGGATTAATACCACGTTTATACCGGTGAG-3 0 ) and promo-R (5 0 -TAATACCCGGGCATAATCCCTCCTATA TAATGTAATATCC-3 0 ). The fragment was then digested with AseI and SmaI and cloned at the same sites in pMC1871, directly upstream of the promoterless lacZ gene. The construction was verified by restriction analysis and sequencing.
b-Galactosidase assay
Bacteria containing pMC1871 or pFB01 were grown overnight in Luria-Bertani (LB) broth containing 12.5 mg mL
À1
tetracycline at 37 1C with agitation and then diluted 150-fold in a fresh medium under the conditions to be investigated. When the cultures reached the specific OD at 600 nm (OD 600 nm ), the b-galactosidase activity was assessed as described previously (Mourez et al., 1997) . In some experiments, the cultures were grown to an OD 600 nm of 0.7, the bacteria from 1 mL samples were pelleted, resuspended with 4 mL of conditioned supernatants and grown for an additional 30 min at 37 1C before assessing b-galactosidase activity. Conditioned supernatants came from cultures grown at 37 1C with agitation until an OD 600 nm of approximately 0.1, 0.7 and 2.5 and were filtered using 0.22-mm syringe filters. In some experiments, the bacterial supernatants were diluted 1 : 2 in water or a fresh LB medium. The results were expressed in Miller units or in percentage of activity compared with a control growth condition. Statistical comparisons were performed by an ANOVA and Dunnet's post-tests using PRISM 4.0 software (Graphpad Software).
RNA isolation, qRT-PCR, RT-PCR and 5 0 Rapid Amplification of the cDNA End (RACE)
Overnight cultures of 2787 in LB were diluted 150-fold in a fresh medium and grown at 37 1C with agitation. At various times, RNA was extracted using the RiboPure-Bacteria kit (Ambion) according to the manufacturer's instructions. qRT-PCR reactions were performed using the QuantiTech SYBR green RT-PCR kit (Qiagen) with 500 ng of RNA. Thermal cycling conditions were an initial step at 50 1C for 30 min and 95 1C for 15 min, followed by 40 cycles of denaturation (94 1C, 15 s), annealing (55 1C, 20 s) and extension (72 1C, 30 s). The sequences of the primers used were as follows: aah-F:
0 for the aah gene, aidA-F: 5 0 -TCTTCCGGAGGAATTGTGTCAGAGAC-3 0 and aidA-R:
0 -GTCCTCTGGCTAACTCTGAGGCCA-3 0 for the region overlapping the aah and aidA genes, and rpoD-F:
0 , for the rpoD control gene. The results are presented as the difference in the average cycle threshold (DC t ) with the control rpoD gene. Statistical comparisons were performed by an ANOVA and Tukey's post-tests using PRISM 4.0 software (Graphpad Software).
Total RNA (2.5 mg) isolated from a culture of 2787 at an OD 600 nm of 2.0 was converted to cDNA using the HighCapacity cDNA Reverse Transcription Kits (Applied Biosystems) according to the instructions of the manufacturer. PCR reactions were performed on the cDNA using the primers promo-R (5 0 -ACAATATGTTTCCTGACTCCTC AT-3 0 ) and promo1-F (5
. The PCR amplification products were visualized on an agarose gel.
RACE was performed using the 5 0 RACE System, version 2.0 (Invitrogen), according to the instructions of the manufacturer with 3 mg of RNA extracted from E. coli 2787 grown to an OD 600 nm of 0.7 or 2.0, with gene-specific primers RACE_aah1 (5 0 -GGCTGGTTATCCGTATCGCC-3 0 ), and RACE_aah2 (5
0 and RACE_aidA2 (5 0 AATCGTCTGATT TCCACCGC-3 0 ). The amplified products were analyzed by agarose gel electrophoresis and sequenced.
Whole-cell lysate, sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting
Samples of bacterial cultures were drawn at several times during growth and normalized at the same OD 600 nm . The bacteria were pelleted and resuspended in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl (TBS). Whole-cell samples were then diluted in twice-concentrated SDS-PAGE loading buffer containing b-mercaptoethanol, and denatured by heating at 100 1C for 10 min. The samples were then separated by SDS-PAGE on 10% acrylamide gels and transferred to polyvinylidene fluoride membranes (Millipore). Immunodetection was performed with a serum raised against glycosylated heat-extracted mature AIDA-I (Charbonneau et al., 2006) or antibodies against GroEL protein (Sigma). Immune complexes were revealed using secondary antibodies coupled to horseradish peroxidase and 3,3 0 ,5,5 0 -tetramethylbenzidine (Sigma).
Results and discussion
Using primers extending upstream of aah and downstream of aidA, we completely sequenced the insert of plasmid pIB264 (Benz & Schmidt, 1989) . The insert is 6241 nucleotides long, with a G1C content of 44.6% and the sequence has been deposited in GenBank (GU810159). The sequence upstream of aah reveals the 5 0 -end of an ORF (Fig. 1) . The 402-nucleotide DNA sequence is 94% identical over 333-nucleotides, with the sequence of a reverse-transcriptase/maturase of a group II intron found in various E. coli strains (Michel et al., 2007) . Group II introns in bacteria are usually found only in mobile elements such as transposons (Martinez-Abarca & Toro, 2000) . The sequence downstream of aidA reveals the 3 0 -end of another ORF. The 415-nucleotide sequence is 97% identical to the sequence of a putative large inner membrane associated with a Tn1-transposon. It is therefore highly likely that the aah-aida operon is located within a mobile genetic element.
In order to map the beginning of the transcript starting upstream of aah, we performed an RT-PCR on RNA extracted from a culture of 2787 at an OD 600 nm of 2.0 using forward primers hybridizing 43, 63, 194 or 247 nucleotides upstream of the aah start codon and a reverse primer hybridizing 140 nucleotides downstream of the start codon. The amplification was successful with the first two forward primers and failed with the last two (data not shown). Controls performed without reverse transcription ensured that there was no DNA contamination in our reactions. This result suggested that a transcription start lies between 63 and 194 nucleotides upstream of aah.
We then performed 5 0 RACE reactions using mRNA extracted from cultures of 2787 at an OD 600 nm of 0.7 (midlog phase) or 2.0 (early-stationary phase). Using aahspecific primers, we obtained one major fragment with both mRNA preparations. When we performed 5 0 RACE reactions with aidA-specific primers, we did not obtain any amplification fragment. These results suggest that the aahaidA operon is transcribed as a bicistronic mRNA. The sequences of the fragments amplified with the aah primers were identical and revealed a transcription start 149 nucleotides upstream of the aah start codon ( Fig. 1, P 149 ) . Analysis of the sequence upstream of this transcription start revealed a putative À 10 sequence with the sequence ACTATATTAA, but no À 35 sequence. The ACTATATTAA sequence matches the RpoS-specific À 10 consensus sequence, and RpoS-controlled promoters are known to have no À 35 consensus sequence (Weber et al., 2005) . Our results therefore suggest that the P 149 promoter is RpoS dependent. Examination of the sequence chromatograms showed another putative, but weaker transcription start 128 nucleotides upstream of the aah start codon (Fig. 1, P 128 ) . Analysis of the sequence upstream of this transcription start revealed putative À 10 and À 35 sequences. These sequences weakly matched the consensus of RpoD-controlled promoters and are only 15 nucleotides apart. The promoter is therefore expected to be weak, which could explain why the transcript resulting from P 128 appeared to be weaker than the one resulting from P 149 . A number of RpoS-controlled genes are also transcribed by RpoD through overlapping promoter sequences (Bordes et al., 2000) . Our work suggests that this is also the case for the aah-aidA operon. Finally, we identified one putative rho-independent terminator 87 nucleotides downstream of aidA.
We performed qRT-PCR reactions on RNA preparations extracted from strain 2787 at different points during growth in LB broth at 37 1C with shaking. We used primers specific for the aah gene, for the aidA gene and a pair of primers amplifying a region encompassing the 3 0 -end of aah and the 5 0 -end of aidA (Fig. 1a) . Primers specific for the rpoD genes were used to normalize and compare the amounts of transcripts that could be amplified (Fig. 2a) . The amplification with the aah-aidA primers shows that the two genes can be transcribed from a single bicistronic message. The levels of mRNA detected with the three pairs of primers varied significantly during growth. The pattern of variation was similar for the three primer pairs: there was an initial decrease during the log phase, most likely because of dilutions of existing RNA pools from the overnight culture, and then an abrupt increase in the early-stationary phase. This has been observed with RpoS-controlled genes (Gordia & Gutierrez, 1996; Fomenko et al., 2001) , and is therefore in agreement with our identification of RpoS-specific consensus sequences for the P 149 promoter. Averaging three different experiments, the only statistical difference was between the amounts of transcripts detected with the aah and aidA primers at the mid-log phase. This suggests that there is a promoter allowing the transcription of the aidA gene alone, despite our failure to identify it by RACE. This is consistent with previous results, however, because residual AIDA-I expression was seen in constructs lacking the 5 0 -end of aah (Benz & Schmidt, 2001) . A weak promoter upstream of aidA could account for these previous results that used a cloned fragment in a multicopy plasmid and explain why, in a wild-type context, we could not readily identify this promoter.
To confirm the qRT-PCR results, we performed a Western blot on total extracts of 2787 using anti-AIDA antibodies (Fig. 2b) . The antibodies are specific for the glycosylated form of AIDA-I (Charbonneau et al., 2007) , and therefore report the expression of Aah and AIDA-I. Glycosylated AIDA-I is expressed as a 150 kDa pro-protein that is selfcleaved into a 100 kDa mature protein (Suhr et al., 1996; Charbonneau et al., 2009 ). We observed a slight decrease in the amounts of AIDA-I between the early-log phase and the mid-log phase and a marked increase at the early-stationary phase, in agreement with the qRT-PCR experiments.
We cloned the 426 nucleotides upstream of the start codon of aah in a multicopy vector bearing a promoterless lacZ gene. We transformed 2787 with this construct or with a promoterless control construct. As shown in Fig. 3a , the amount of LacZ initially decreased during the log phase and increased sharply at the early-stationary phase. There was no activity with the control plasmid. This profile is similar to the one we observed by qRT-PCR and Western blotting, reinforcing the idea that the expression of aah and aidA is chiefly accomplished through the induction of the promoter upstream of aah. The plasmids were also transformed in E. coli K12 strains and the aah promoter region still allowed LacZ expression (Fig. 3b) . This suggests that regulation is not drastically affected by a strain-specific factor. We noted a difference in the b-galactosidase activities in the three backgrounds, but this could have been due to variations in plasmid copy numbers.
We then tested various signals that might affect aah-aidA expression in 2787. In stationary-phase cultures in LB broth, we did not observe any effects of sodium chloride concentration, pH or temperature, but the addition of 0.4% glucose reduced the expression of b-galactosidase (Fig. 4a) . There was no effect of any of these signals in mid-log-phase cultures (data not shown). Glucose did not affect growth (Fig. 4b) , suggesting that the effect on the aah promoter region is due to catabolite repression. To test this hypothesis, we compared the expression of b-galactosidase when our reporter constructs were introduced into a K12 strain of E. coli and an isogenic cya mutant (Fig. 4c) . The effect of glucose was abolished by the cya mutation, confirming the effect of catabolite repression.
Finally, we compared the b-galactosidase activity of earlylog-phase cultures of 2787 transformed with our reporter construct and incubated for 30 min in a fresh LB broth or in conditioned media obtained from early-log, mid-log or early-stationary phase cultures (Fig. 5a) . We observed an increase in b-galactosidase activity when the bacteria were incubated with conditioned media of early-stationary-phase cultures. The same conditioned medium had no effect on the b-galactosidase activity of 2787 transformed with the promoterless control, showing that the activity did not arise from the conditioned medium itself. Such a behavior could indicate the effect of a quorum-sensing molecule. We used conditioned media obtained from cultures of DH5a, a strain of E. coli known to be defective in the expression of a quorum-sensing molecule (Surette & Bassler, 1998) . Similar responses were obtained (data not shown), suggesting that quorum sensing was not responsible for the induction of the aah promoter. This suggested then that limiting nutrient availability was responsible for the induction. To test this hypothesis, we diluted the conditioned media of earlystationary-phase cultures either in water or in fresh LB broth. The dilution in water had no effect on the induction, RNA was isolated at different OD 600 nm and used as a template for qRT-PCR reactions performed using gene-specific primer pairs specific for aah (m), aidA ( Â ) or a region overlapping aah and aidA overlapping (). Changes are presented as differences in the cycles at which detection was above the threshold (DC t ), between the reactions with the primer pairs of interest and a reaction with primers specific for rpoD. The growth curve of 2787 is also represented ('). Three independent experiments were performed and one is shown. (b) Whole-cell lysates were obtained from cultures of 2787 at different OD 600 nm . Samples were separated by SDS-PAGE and probed by immunoblotting with an antiserum against mature AIDA-I. Probing with an antiserum against GroEL was performed as a loading control.
but the dilution in fresh LB broth abolished the induction (Fig. 5b) . This is again in disagreement with the hypothesis of quorum sensing, but in agreement with the hypothesis that limiting nutriment availability is responsible for induction. Nutrient limitation can trigger the stringent response, characterized by the increase of ppGpp alarmone, which in turn controls the expression of a multitude of genes including virulence genes (Dalebroux et al., 2010) . We tested the hypothesis that the stringent response might play a role in the control of aah-aidA expression by comparing the expression of b-galactosidase when our reporter constructs were introduced into a K12 strain of E. coli and an isogenic mutant lacking relA, the gene coding for the ppGpp synthetase gene. There was no change in b-galactosidase activity (data not shown). This suggests that the stringent response might not be involved in aah-aidA control. Other nutrient-limitation pathways might therefore be involved.
In summary, we identified, in a wild-type pathogenic strain of E. coli, two putative promoters upstream of aah likely to drive the production of aah-aidA bicistronic transcripts. Our work shows that aah and aidA are induced at the early-stationary phase, likely because of nutrient starvation. This pattern leads us to hypothesize that RpoS is the principal regulator of the expression of the aah-aidA operon, at least in the wild-type strain and the conditions we used. This hypothesis is consistent with the consensus sequences of one promoter we identified upstream of aah. Other promoters are likely to be present upstream of aah and aidA and could play further roles in conditions not reproduced in our assays. The preferential expression of AIDA-I at a high density of bacteria and/or during nutrient starvation is consistent with the fact that AIDA-I is mediating bacterial auto-aggregation. It would indeed make sense to turn on the gene coding for AIDA-I in an environment where a high density of bacteria are present or under adverse conditions of poor nutrient availability, so as to form 'micro-colonies' of bacteria of the same kind and increase survival chances. Similar effects of nutrient starvation influencing the expression of virulence genes in pathogenic E. coli have been observed before: for instance, in enterohemorrhagic E. coli, the expression of LEE genes is activated in response to starvation and bacterial adherence is increased (Nakanishi et al., 2006) , and in uropathogenic E. coli, the entry into the stationary phase triggers the expression of fimbriae and an increase in the frequency of adherent bacteria (Aberg et al., 2006) .
As we were writing this report, another study was published on the regulation of aah and aidA (Benz et al., 2010) . This work was performed in a laboratory strain of E. coli with the aah-aidA region cloned on a multicopy plasmid. It therefore complements well our own study performed in a wild-type background. The two aah promoters we identified were also found in this recent study and experiments showed the existence of a bicistronic message, in agreement with our conclusions. Two additional promoters were found upstream of aidA. As explained above, it is were transformed with the aah promoter-lacZ fusion or the promoterless lacZ vector and grown in LB medium until an OD 600 nm of 1.7. The b-galactosidase activities were then measured. All values represent means AE standard errors of the means of two independent experiments performed in duplicate.
possible that the presence of a multicopy plasmid and/or the background of a laboratory strain of E. coli allowed the identification of these promoters that we failed to find. We note that this study showed that RpoS had a drastic effect on the expression of the aah promoter, but not on the aidA promoter. This is consistent with the effect of the growth phase we observed. It strengthens the conclusion that the aah promoter region is RpoS controlled and could also explain why we did not identify the aidA promoters because, in our background and conditions, regulation seemed to be mostly based on RpoS. Finally, there are some minor discrepancies regarding the effects of temperature and salt on the aah promoter activities between the studies. This calls for caution in the interpretation of the conflicting results of our studies. Further work should address these issues. Fig. 5 . Effect of culture supernatants on the transcription activity of the aah promoter-lacZ fusion. (a) Cultures of strain 2787 containing the aah promoter-lacZ fusion (black bars) or the promoterless lacZ vector (white bars) were grown to an OD 600nm of approximately 0.7 and pelleted. The pellets were resuspended in a fresh LB medium ( À ) or in conditioned supernatants (CS) obtained from a culture of strain 2787 grown up to different OD 600 nm (0.1, 0.7 and 2.5). The bacteria were grown for 30 additional minutes at 37 1C and the b-galactosidase activities were measured. All values represent means AE standard errors of the means of three independent experiments performed in duplicate and were compared by analysis of variance ( Ã P o 0.05; NS, nonstatistically significant).
(b) The pellets of strain 2787 containing the aah promoter-lacZ fusion were resuspended in a fresh LB medium ( À ) or in a conditioned supernatant obtained from a culture grown to an OD 600 nm of 2.5, which were undiluted, diluted twofold with water or with LB medium as indicated.
